Olfactory GPCRs (ORs) in mammalian olfactory receptor neurons (ORNs) 25 mediate excitation through the Gα s family member Gα olf . Here we tentatively associate 26 a second G protein, Gα o , with inhibitory signalling in mammalian olfactory transduction 27 by first showing that odor evoked phosphoinositide 3-kinase (PI3K)-dependent inhibition 28 of signal transduction is absent in the native ORNs of mice carrying a conditional OMP- 29 Cre based knockout of Gα o . We then identify an OR from native rat ORNs that are 30 activated by octanol through cyclic nucleotide signaling and inhibited by citral in a PI3K-31 dependent manner. We show that the OR activates cyclic nucleotide signaling and PI3K 32 signaling in a manner that reflects its functionality in native ORNs. Our findings lay the 33 groundwork to explore the interesting possibility that ORs can interact with two different 34 G proteins in a functionally identified, ligand-dependent manner to mediate opponent 35 signaling in mature mammalian ORNs. 36 37
Introduction
ORs comprise the largest family of mammalian GPCRs (Buck and Axel, 1991) . 42 Ligand (odorant) binding to ORs results in the cyclic nucleotide-dependent excitation of 43 ORNs through Gα olf , a member of the Gα s subfamily (e.g., Belluscio et al., 1998) . It has 44 been known for some time that olfactory perception shows 'mixture suppression' and 45 'mixture synergism', in which one odorant either reduces or enhances, respectively, the 46 3 percept of another (e.g., Cain, 1974; Laing et al., 1984) , and that at least some of this 47 perceptual modulation can be assigned to the olfactory periphery (e.g., Bell et al., 1987 ; 48 Laing and Wilcox, 1987) . Receptor-driven modulation has since been studied directly 49 (see following paragraph) and was recently shown to be widespread across ORs, 50 indicating that it makes a fundamental contribution to the peripheral olfactory code (Xu 51 et al., 2019). Thus, it is important to understand the processes that modulate cyclic 52 nucleotide-dependent excitation in the dynamic range of activation. 53 Receptor-driven 'mixture suppression', also referred to as inhibition, antagonism, 54 or masking, has received the most attention. Pharmacological, physiological, and 55 computational evidence ascribe odor-evoked inhibition to competitive antagonism (e.g., 56 Firestein and Shepherd, 1992; Kurahashi et al., 1994; Oka et al., 2004) . The implication 57 is that 'mixture suppression' results from a reduction in cyclic nucleotide-dependent 58 excitation due to odorants competing for a common binding site on the OR. Both Tissue fixation and cryo-sectioning were performed using published protocols. 115 Briefly, the OE was fixed in 4% paraformaldehyde and then the tissue soaked in 30% 116 sucrose at 4°C before embedding in optimal cutting temperature medium. 12 μ M 117 sections were collected under RNase-free conditions and stored at -80°C until use. In 118 situ hybridization was performed using a modification of published methods (Ishii et al., 119 2004; Choi et al., 2016a) . Briefly, tissue sections were hybridized with digoxigenin-120 labeled riboprobes for Gnao and OMP detection. After washing to remove unbound 121 probe, the sections were then incubated with anti-digoigenin-HRP antibody (Roche) and 122 labeling was detected with NBT/BCIP (Sigma). The sections were cover-slipped with 123 Fluormount with DAPI (Southern Biotechnology) and visualized with a 10x and an oil 124 immersion 60x lens on an Olympus BX41 microscope. 125 Immunostaining was performed using modifications of published protocols (e.g., 126 Choi et al., 2016). Briefly, antigen retrieval was performed by incubating the slides with 127 10 mM sodium citrate buffer (pH 6.0) at 60°C for 30 min. After blocking with 10% 128 (vol/vol) normal goat serum, 1% BSA, and 0.1% Triton X-100, sections were incubated 129 with primary antibodies overnight at 4°C. The antibodies included Gα o (rabbit, 1:200;
Acutely dissociated rat or mouse ORNs were imaged using standard published 137 approaches. Briefly, olfactory epithelia were dissected in ice-cold modified artificial 138 cerebrospinal fluid (ACSF) saturated with 95% O 2 and 5% CO 2 that contained (in mM): 139 120 NaCl, 25 NaHCO 3 , 5 KCl, 1.25 Na 2 HPO 4 , 1 MgSO 4 , 1 CaCl 2 , 10 glucose. The 226 cAMP production was measured as previously described (Durocher et al., 2000) .
pCRE-SEAP assay
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HEK293T cells were transfected with the expression vectors pcDNA3.1 Ric-8b (50 ng; 24 ORNs). We predicted that the response evoked by H100 will reflect excitation 288 evoked by one or more components of the mixture that is tempered by inhibition evoked 289 by one or more other components, and that pharmacologically blocking PI3K will result 290 in an increase in the net response magnitude in instances where PI3K-based inhibitory 291 signaling occurs. All cells were also tested with a higher concentration of H100 than the 292 test concentration (Fig 1A, 3 rd ). H100 (1:100,000 dilution) evoked a mean response amplitude from ORNs 300 isolated from cGnαo1 -/mice of 0.25 ± 0.03 (n = 79 ORNs from 4 mice) (Fig. 1C, 1 st bar) . 301 The mean response amplitude of the ORNs from cGnαo1 -/mice was significantly larger 302 than that observed in the ORNs from WT mice (0.18 ± 0.02, n = 78 ORNs from 5 mice) 303 (Fig. 1C, 2 than that of ORNs from the cGnαo1 -/mice (Fig. 1C , 4 th bar vs 3 rd bar) could potentially 321 indicate Gα o -independent activation of PI3K. However, that is not likely since blockade 322 of PI3K had no effect on the response of ORNs from the cGnαo1 -/mice (Fig. 1C, 3 Gα o protein to the distal compartments and/or cilia (data not shown). 346 We instead determined whether ectopically expressed Gα o can be trafficked to represent at least three independent replicate experiments. We focused on Olr1845, 392 which responded consistently to OOL in a dose-dependent manner (Fig 5A) . The other 393 receptors did not respond consistently and will require further optimization to determine Olr1845, and tested in parallel did not show changes in SEAP activity when stimulated 400 with OOL alone or in combination with CIT ( Fig. 5B, inset) . We then tested the mouse 401 OR OR261-1 (Olfr447), known to respond to OOL (Saito et al., 2009), and confirmed its 402 response to OOL in a dose-dependent manner ( Fig 5C) . In contrast to Olr1845, 403 OR261-1 responded to 75 μ M CIT alone ( Fig 5D) , which was not affected by increasing 404 concentrations of OOL. This result indicates that not all receptors that respond to OOL 405 respond to CIT, or a mix of CIT and OOL, in the same manner. The experimental 406 results with Olr1845 also serve as a positive control, allowing us to assign the effects 407 seen with Olr1845 to that receptor and not one inherent in the heterologous cell. indicates that Orl1845 can activate the PI3K pathway in the heterologous system and 416 that CIT is a stronger PIP3-dependent agonist. The response to CIT is significantly 417 higher than that to OOL (Fig. 6 , 1 st pair of bars, P=0.04). 418 We then independently co-expressed three different Gα subunits together with 419 Olr1845, each with at least three independent replicates. Gα o overexpression 420 significantly enhanced the increase in PI3K activation in response to CIT, resulting in a 421 PIP3 level of 64.16 ± 1.44 pmol (Fig. 6, 1 Finding that conditional Gα o deletion eliminates odor evoked, PI3K-dependent inhibition 446 in dissociated ORNs argues that Gα o is functionally upstream of PI3K. We then identify 447 an OR from native rat ORNs that are activated by octanol through cyclic nucleotide 448 signaling and inhibited by citral in a PI3K-dependent manner. We show that the OR 449 activates cyclic nucleotide signaling and PI3K signaling in a manner that reflects its 450 functionality in native ORNs. Collectively these findings raise the interesting possibility 451 that a mammalian OR can interact with two different G proteins in a functionally 452 identified, ligand-dependent manner. 453 We argue that functional data obtained in acutely dissociated ORNs implicate 
